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ABSTRACT 
Product ion and anneal o f  d e f e c t s  i n  e l e c t r o n - i r r a d i a t e d ,  f l o a t - z o n e  s i l i c o n  
s o l a r  c e l l s  were s t u d i e d  by DLTS. I n  boron- and gal l ium-doped, n+-p c e l l s ,  domi- 
nant  d e f e c t s  were due t o  t h e  divacancy, carbon i n t e r s t i t i a l ,  and carbon complex. 
Resu l ts  suggest t h a t  t h e  DLTS peak normal ly  a s c r i b e d  t o  carbon complexes a l s o  i n -  
vo lves  ga l l ium.  
l i f e t i m e  shows s u b s t a n t i a l  recovery o n l y  when t h e  carbon-complex peak has annealed 
o u t  a t  400OC. 
observed by DLTS i n  c e l l s  w i t h  a boron p+, b u t  n o t  i n  those w i t h  an aluminum p+ 
back. 
back types  o f  samples. 
For g a l l i u m -  and, t o  a l e s s e r  e x t e n t ,  boron-doped samples, damaged 
I n  boron-doped, n+-p-p+ c e l l s ,  a m i n o r i t y  c a r r i e r  t r a p  ( E l )  was a l s o  
A l e v e l  a t  E, + 0.31 eV appeared upon 150°C annea l ing  ( E l  o u t )  i n  b o t h  p+ 
INTRODUCTION 
I n  e l e c t r o n - i r r a d i a t e d  e l e c t r o n i c  dev ices such as s o l a r  c e l l s ,  i n t e r a c t i o n s  
between dopant, i n t r i n s i c  i m p u r i t i e s ,  and p o i n t  d e f e c t s  can l e a d  t o  t h e  fo rmat ion  
o f  damaging complexes. I r r a d i a t i o n  o f  boron-doped s i l i c o n ,  f o r  example, can pro-  
duce var ious  d e f e c t s  i n v o l v i n g  boron, carbon, oxygen, vacancies,  and i n t e r s t i t i a l s .  
Techniques such as Deep Level  Trans ien t  Spectroscopy (DLTS) have been used ( r e f s .  1 
t o  3) f o r  d e f e c t  de tec t ion .  Weinberg and Swarz ( r e f s .  4 and 5) ,  i n  c o r r e l a t i n g  t h e  
annea l ing  behavior  o f  d e f e c t s  observed by DLTS ( r e f .  3) wi th s h o r t  c i r c u i t  c u r r e n t  
( J s c ) ,  a t t r i b u t e d  t h e  observed reverse  anneal o f  Jsc t o  t h e  emergence o f  t h e  E, + 
0.30 eV l e v e l .  
d e f e c t  i s  respons ib le  f o r  reverse  annea l ing  i n  i r r a d i a t e d  boron-doped c e l l s .  
Rohatgi ( r e f .  6 )  a l s o  concluded from DLTS measurements t h a t  t h i s  
Th is  r e p o r t  descr ibes r e s u l t s  o f  our  DLTS s t u d i e s  o f  d e f e c t s  i n  e l e c t r o n -  
i r r a d i a t e d  s o l a r  c e l l s  f a b r i c a t e d  f rom f l o a t - z o n e  s i l i c o n .  
l ium-doped c e l l s  have shown a p o t e n t i a l  f o r  g r e a t e r  recovery a f t e r  anneal than 
boron-doped c e l l s  ( r e f .  7) ,  we have compared r a d i a t i o n - i n d u c e d  d e f e c t s  i n  h i g h  
p u r i t y ,  n+-p s i l i c o n  c e l l s  doped w i t h  g a l l i u m  and boron. 
annea l ing  s t u d i e s  a r e  presented and m i n o r i t y  c a r r i e r  l i f e t i m e  measurements a r e  
c o r r e l a t e d  w i t h  d e f e c t  anneal. Defect  p r o d u c t i o n  and annea l ing  behav io r  have a l s o  
been s t u d i e d  i n  a s e t  o f  boron-doped, n+-p-p+ s i l i c o n  c e l l s ,  which were f a b r i c a t e d  
w i t h  e i t h e r  an aluminum p+ o r  a boron p+ back sur face.  
Since i r r a d i a t e d  g a l -  




D i f f u s e d  j u n c t i o n ,  n+-p c e l l s ,  doped w i t h  e i t h e r  g a l l i u m  (2, 10, and 20 ohm- 
A second s e t  c o n s i s t e d  o f  d i f f u s e d  j u n c t i o n ,  n+-p-p+ 
cm) o r  w i t h  boron ( 2  ohm-cm), were f a b r i c a t e d  by Spectrolab, Inc. f rom h i g h  p u r i t y ,  
f l o a t - z o n e  s i l i c o n  ( r e f .  8). 
c e l l s  doped w i t h  boron ( 1  and 10 ohm-cm) and f a b r i c a t e d  by Comsat Labora tor ies  f rom 
f l o a t - z o n e  s i l i c o n .  
back sur face  and these w i l l  be r e f e r r e d  t o  as A1 p+ and B p+, r e s p e c t i v e l y .  
cess ing.  c o n d i t i o n s  were: 
phorus f r o n t  and aluminum back d i f f u s i o n  a t  850°C f o r  30 min., and no post ,  o r  
f i n a l ,  anneal; 10 ohm-cm, B p+ c e l l s  - no p r e - o x i d a t i o n ,  boron back d i f f u s i o n  a t  
950°C f o r  30 min., phosphorus f r o n t  d i f f u s i o n  a t  850°C f o r  15 min., and p o s t  anneal 
a t  450°C f o r  14 hrs.; 1 ohm-cm, B p+ c e l l s  - i d e n t i c a l  t o  t h e  10 ohm-cm, B p+ 
c e l l s  except f o r  p r e - o x i d a t i o n  a t  1050°C f o r  30 min, 
0.25 cm on edge and these were mesa-etched t o  min imize leakage c u r r e n t ,  mounted on 
TO-5 headers w i t h  s i l v e r  epoxy, and top-contac ted  by u l t r a s o n i c  bonding ( r e f s .  9 
and 10).  
C e l l s  f o r  each base r e s i s t i v i t y  had an aluminum and boron p+ 
Pro- 
A l l  A1 p+ c e l l s  - no p r e - o x i d a t i o n ,  s i n g l e - s t e p  phos- 
C e l l s  were d i c e d  i n t o  c h i p s  
0 
t 
Defects  were de tec ted  by DLTS ( r e f .  11) by u s i n g  t h e  l o c k - i n  a m p l i f i e r  v e r s i o n  
f t h e  technique ( r e f .  1 2 ) -  
he reg ions  approx imate ly  0.3 t o  3 micrometers below t h e  m e t a l l u r g i c a l  j u n c t i o n  
For b i a s  pu lse  vo l tages  and base r e s i s t i v i t i e s  used, 
c o u l d  be examined. 
recovery technique and deeper l e v e l s  unobservable by DLTS were moni tored by 
capaci tance-vo l tage measurements. 
cm o r  1x2 cm c e l l  p ieces w i t h  t h e  use o f  a Spec t ro lab  s o l a r  s imu la to r .  
M i n o r i t y  c a r r i e r  l i f e t i m e  was measured by a d iode reverse  
Short  c i r c u i t  c u r r e n t  was measured on e i t h e r  1 x 1  
Samples were i r r a d i a t e d  i n  a i r  a t  room tern e r a t u r e  w i t h  1-MeV e l e c t r o n s  t o  
f luences  rang ing  f rom 1.0~1015 t o  1 . 6 ~ 1 0 ~ ~  e-/cm?, measured w i t h i n  one day a f t e r  
i r r a d i a t i o n ,  and s t o r e d  i n  dry ice ,  Lower f luences were used on c e l l s  and on com- 
panion samples f o r  accompanying DLTS scans and m i n o r i t y  c a r r i e r  l i f e t i m e  measure- 
ments. Samples were i s o c h r o n a l l y  annealed t o  100°C i n  a i r  and cont inued t o  about 
425°C i n  a n i t r o g e n  atmosphere f o r  p e r i o d s  o f  e i t h e r  20 o r  30 minutes a t  tempera- 
t u r e .  
RESULTS AND D I S C U S S I O N  
P r i n c i p a l  DLTS peaks i n  i r r a d i a t e d  samples were found t o  be m a j o r i t y  c a r r i e r  
t r a p s  assoc ia ted  w i t h  l e v e l s  a t  E, + 0.21eV ( H l ,  d ivacancy)  , +0.27ev (H2, carbon 
i n t e r s t i t i a l )  , and +0.34eV (H3, carbon complex). A m i n o r i t y  c a r r i e r  t r a p  a t  E,- 
0.26eV ( E l ,  boron complex) was observed f o r  boron-doped, B p+ samples and upon 
annea l ing  a t  15OoC, t h i s  l e v e l  d isappeared and another  m a j o r i t y  c a r r i e r  t r a p  a t  
E, + 0.31eV (H4) emerged. 
n+-p c e l l s  
F i g u r e  1 shows DLTS s p e c t r a  o f  2, 10 and 20 ohm-cm (6.5~1015, 1.4~1015, and 
5 .9~1014 cmm3, r e s p e c t i v e l y )  , gal l ium-doped s i l i c o n  samples i r r a d i a t e d  t o  a f l u e n c e  
o f  5 ~ 1 0 ~ ~ e - / c m 2 .  The t h r e e  dominant m a j o r i t y  c a r r i e r  t r a p s  H1, H2, and H3 a r e  
a t t r i b u t e d  t o  t h e  divacancy ( r e f .  2) ,  carbon i n t e r s t i t i a l  ( r e f .  2) ,  and carbon 
146 
complexes, r e s p e c t i v e l y .  The i d e n t i t y  o f  these carbon complexes i s  u n c e r t a i n  and 
they  have been descr ibed as a carbon i n t e r s t i t i a l - s u b s t i t u t i o n a l  p a i r  (CI-Cs) i n  
re fe rence 2 and as a vacancy-oxygen-carbon complex (V-0-C) i n  r e f e r e n c e  3. It i s 
apparent t h a t  t h e  ampl i tude o f  H3 i s  g a l l i u m  c o n c e n t r a t i o n  dependent, i n c r e a s i n g  
as t h e  g a l l i u m  conten t  increases. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e l a t i v e  
concent ra t ions  o f  H2 t o  H3 decrease w i t h  i n c r e a s i n g  g a l l i u m  concent ra t ion .  
i n t r o d u c t i o n  r a t e  f o r  H 1  i s  e s s e n t i a l l y  cons tan t  f o r  a l l  t h r e e  sample r e s i s t i v i t i e s .  
It should be noted t h a t  boron-doped samples showed H 1  and H2, b u t  l i t t l e  o r  no 
p r o d u c t i o n  o f  H3. 
The 
Isochronal  anneals f rom 50" t o  100°C i n d i c a t e  t h a t  t h e  g a l l i u m  conten t  
apparent ly  i n f l u e n c e s  t h e  anneal o f  t h e  carbon i n t e r s t i t i a l ,  which disappeared more 
r a p i d l y  i n  t h e  o r d e r  o f  decreas ing r e s i s t i v i t y .  
behav io r  i n  f loa t -zone,  boron-doped s i l i c o n .  Peak H3 grew d u r i n g  t h i s  annea l ing  
sequence, and t h e  l a r g e s t  i n c r e a s e  occur red  i n  t h e  20 ohm-cm samples. 
We have n o t  observed s i m i l a r  
The most dramat ic  example o f  t h e  e f f e c t  o f  g a l l i u m  on annea l ing  behav io r  i s  
g i v e n  i n  f i g u r e  2 which shows t h e  anneal o f  peak H3. The annea l ing  d a t a  were 
normal ized t o  t h e  ampl i tude o f  peak H3 a f t e r  t h e  100°C annea l ing  step. It i s  
c l e a r l y  seen t h a t  peak H3 i n v o l v e d  a t  l e a s t  two d e f e c t s  as an annea l ing  s tage 
centered a t  about 175°C appears and becomes more pronounced w i t h  i n c r e a s i n g  g a l l i u m  
concentrat ion.  Peak H3 may c o n t a i n  a carbon complex, b u t  i t  a l s o  c o n t a i n s  another  
d e f e c t  which i n v o l v e s  g a l l i u m  i n  some way. Cont inu ing t h e  anneal ,  one f i n d s  a 
s i g n i f i c a n t  growth i n  peak H3, again showing a g r e a t e r  f r a c t i o n a l  growth f o r  t h e  
lower  g a l l i u m  concent ra t ion .  
doped f l o a t - z o n e  as w e l l  as cruc ib le-grown,  samples s e p a r a t e l y  prepared from 1 
and 10 ohm-cm s i l i c o n  wafers. 
and a f t e r  t h e  175°C anneal ing stage, and a t  t h e  maximum growth p o i n t  o f  300°C has 
n o t  y e t  been done. 
anneal. The divacancy annealed o u t  a t  250°C t o  300°C. It should be noted t h a t  an 
u n i d e n t i f i e d  m a j o r i t y  c a r r i e r  t r a p ,  sha l lower  than H3, emerged d u r i n g  t h e  anneal a t  
about 200°C and disappeared a f t e r  t h e  400°C step. 
Note t h a t  t h i s  behav io r  was observed i n  o t h e r  g a l l i u m -  
A d e t a i l e d  a n a l y s i s  o f  peak H3 a t  t h e  100°C step,  a t  
E s s e n t i a l l y  complete recovery  i s  achieved a f t e r  t h e  400°C 
Degradat ion and recovery o f  m i n o r i t y  c a r r i e r  l i f e t i m e  was f o l l o w e d  a f t e r  each 
The da ta  f o r  20 ohm- i r r a d i a t i o n  and anneal ing s tep  f o r  a l l  gal l ium-doped samples. 
cm samples a r e  shown i n  f i g u r e  3 which d e p i c t s  t h e  annea l ing  behavior  o f  peak H3, 
t h e  l i f e t i m e ,  and t h e  recovery o f  "deeper l e v e l s "  n o t  observable by DLTS b u t  
moni tored by capaci tance-vo l tage measurements. It i s  noted t h a t  t h e  s u b s t a n t i a l  
growth i n  peak H3 co inc ides  w i t h  t h e  complete anneal o f  t h e  deeper l e v e l s .  L i f e t i m e  
shows no s i g n i f i c a n t  recovery u n t i l  H3 has annealed o u t  a t  t h e  400°C s t e p  a t  which 
p o i n t  i t  recovered t o  about 60 percent  o f  i t s  p r e - i r r a d i a t i o n  value. The recovery 
o f  l i f e t i m e  i n  t h e  2 and 10 ohm-cm, gal l ium-doped samples f o l l o w e d  a s i m i l a r  p a t t e r n .  
i sochrona l  anneals f rom 50°C t o  400°C f o r  t h e  2 ohm-cm, boron-doped s i l i c o n .  
anneal o f  peak H2, a t t r i b u t e d  p r i m a r i l y  t o  t h e  carbon i n t e r s t i t i a l ,  i s  e s s e n t i a l l y  
complete by about 75°C. 
can be g iven a t  t h i s  t ime. The growth o f  H3 i s  ev ident ,  b u t  n o t  s i g n i f i c a n t  u n t i l  
one exceeds 225°C. 
Peak H3 reaches a maximum a t  350°C and anneals o u t  by 400°C. 
observed a f t e r  t h e  150°C anneal and i t  has been suggested t h a t  i t  i s  e i t h e r  a boron- 
oxygen-vacancy (B-0-V) i n  re fe rence 3 o r  a s i l i c o n  i n t e r s t i t i a l  p a i r  ( S i I - S i 1 )  i n  
re fe rence 2. 
Anneal ing behav io r  was found t o  be s i m i l a r  i n  cruc ib le-grown,  boron-doped s i l i c o n .  
F i g u r e  4 shows d e f e c t  annea l ing  da ta  and l i f e t i m e  measurements as a r e s u l t  o f  
The 
No e x p l a n a t i o n  f o r  t h e  r e s i d u a l  which p e r s i s t s  a t  100°C 
No secondary annea l ing  s tage appears as i n  gal l ium-doped samples. 
The peak H4 was f i r s t  
It cont inues t o  grow, peaks a t  350"C, and anneals o u t  a t  400°C. 
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It i s  impor tant  t o  note t h a t  l i f e t i m e  does n o t  recover u n t i l  t he  400°C anneal s tep  
a t  which p o i n t  H3 and H4 are  gone and even then on ly  t o  about 20 percent o f  t h e  
p r e - i r r a d i a t i o n  values. Our l i f e t i m e  measurements on these boron-doped samples 
g i ve  no suggestion o f  a reverse anneal. 
n+-p-p+ c e l l  s 
Figure 5 shows t y p i c a l  DLTS spectra,  taken under i n j e c t i o n  cond i t i ons  
ohm-cm, boron-doped, A1 p+ and B p+ samples i r r a d i a t e d  t o  a f luence o f  1x1015 
e-/cm2. 
( E l )  i n  B p+ and i t s  absence i n  A1 p+ samples. It i s  impor tant  t o  note t h a t  DLTS 
samples o f  bo th  types o f  c e l l s  were well-behaved diodes w i t h  s i m i l a r  dark cu r ren t -  
vo l tage and i n j e c t i o n  c h a r a c t e r i s t i c s .  
s i l i c o n  ingot .  In  s p i t e  o f  being i d e n t i c a l  samples, except f o r  back sur face type  
and processing, on l y  B p+ showed E l .  F igure 5 a l so  shows evidence f o r  peak H3 i n  
bo th  sample types, q u i t e  suppressed i n  A1 p+. 
q u a n t i t i e s  i n  both types. 
o f  10 
The most s t r i k i n g  d i f f e r e n c e  i s  t he  presence o f  a m i n o r i t y  c a r r i e r  t r a p  
Also, c e l l s  had been prepared from the  same 
Peaks H 1  and H2 appear i n  comparable 
The absence o f  a d i s t i n c t  reverse anneal i n  i r r a d i a t e d ,  h igh -pu r i t y ,  boron- 
F igure 6 shows t h e  
doped s i l i c o n  (see f i g .  4) as fo l lowed by l i f e t i m e  measurements w i t h  the  d iode 
reverse recovery technique l e d  t o  a study o f  c e l l  anneal ing behavior. Companion 10 
ohm-cm c e l l s  and DLTS samples were i r r a d i a t e d  simultaneously.  
isochronal  anneal, us ing Jsc measurements, o f  f o u r  types o f  c e l l s  i n c l u d i n g  a 10 
ohm-cm, gall ium-doped c e l l  f o r  comparison. It i s  c l e a r  t h a t  the  A1 p+ and B p+ 
c e l l s  show s i m i l a r  t rends and recovery c h a r a c t e r i s t i c s ,  w i t h  a reverse anneal i n  
t h e  200" t o  300°C reg ion  and v i r t u a l l y  complete recovery a f t e r  anneal ing a t  400°C. 
The 2 ohm-cm c r u c i  b l  e-grown c e l l  behaves s imi  1 a r l y .  The gal  1 i um-doped c e l l  does 
n o t  show the  pronounced reverse anneal and, i n  f a c t ,  recovers i n  t h e  200" t o  300°C 
region. 
( r e f .  13) i n  an extens ive study o f  anneal ing performance o f  s o l a r  c e l l s .  Companion 
DLTS samples showed spect ra s i m i l a r  t o  those presented i n  f i g u r e  7 and de fec t  
anneal ing behavior s i m i l a r  t o  t h a t  shown i n  f i g u r e  8. Although these f i g u r e s  show 
data f o r  more h e a v i l y - i r r a d i a t e d  samples, they  demonstrate t h a t  deeper l eve l s ,  H3, 
and H4 are present i n  s i g n i f i c a n t  concentrat ions du r ing  t h e  reverse anneal exper i -  
enced by the  boron-doped c e l l s .  
General l y  , t h i s  anneal ing behavior i s  s imi  1 a r  t o  t h a t  repor ted  e a r l  i e r  
I n  f i g u r e  7, t y p i c a l  DLTS spect ra f o r  10 ohm-cm, B p+ samples a f t e r  i r r a d i a -  
t i o n  t o  a f luence o f  1 . 6 ~ 1 0 ~ ~ e - / c m 2  and a f t e r  t h ree  representa t ive  anneal ing 
steps are shown. A1 p+ samples gave s i m i l a r  spectra,  except fo r  t h e  absence o f  
E l .  
theses under the  i r r a d i a t i o n  f luence and the  anneal ing temperature. 
spectrum a f t e r  t h e  427°C anneal was taken a t  t e n  t imes grea ter  s e n s i t i v i t y  than 
t h a t  f o r  t he  o ther  th ree  spectra. 
appears. The prominent peaks observed a f t e r  i r r a d i a t i o n  a re  i d e n t i c a l  t o  those 
obta ined f o r  t he  more 1 i g h t l y - i  r r a d i a t e d  B p+ shown i n  f i g u r e  5. 
anneal out ,  a new generat ion o f  de fec ts  appears i n  lower concentrat ion.  A t  177"C, 
H2 i s  gone, H3 has grown, and H4 has come i n  a t  a temperature associated w i t h  t h e  
disappearance o f  E l .  H1 i s  s t i l l  present i n  i t s  p o s t - i r r a d i a t i o n  concentrat ion.  
A t  355°C l i f e t i m e  begins t o  show recovery and i t  i s  impor tant  t o  no te  t h a t  capaci-  
tance-vol tage measurements show t h a t  deeper l e v e l s  have now annealed out. 
spectrum shows a l o s s  i n  H3 and t h e  appearance o f  small q u a n t i t i e s  o f  u n i d e n t i f i e d  
defects ,  H5 and H6. 
The f r a c t i o n a l  o r i g i n a l  m i n o r i t y  c a r r i e r  l i f e t i m e  ( T / T ~ )  i s  g iven i n  paren- 
Note t h a t  t h e  
Each given peak i s  labe led  once as i t  f i r s t  
When these 
The 
A t  427"C, t h e  spectrum a t  g rea ter  s e n s i t i v i t y  shows the  l o s s  
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o f  e s s e n t i a l l y  a l l  o f  the  i n i t i a l  rad iat ion-produced de fec ts  and t h e  presence o f  
add i t i ona l ,  u n i d e n t i f i e d  H7, H8, and H9 defects .  
s t a n t i a l  recovery i n  t h i s  boron-doped sample. Other boron-doped samples have 
shown as much as 30 percent recovery a t  t h i s  temperature. 
L i f e t i m e  has begun t o  show sub- 
F igure 8 shows the  anneal ing behavior o f  defects  in t roduced by i r r a d i a t i n g  
10 ohm-cm, B p+ samples t o  a f luence o f  1.6~1016 e-/cmz. Except f o r  t h e  absence o f  
E l  and smal ler  product ion o f  H3, de fec ts  i n  10 ohm-cm, A1 p+ samples showed s i m i l a r  
anneal ing behavior f o r  t h i s  f luence. The t o t a l  rad iat ion- induced de fec t  concentra- 
t i o n  f o r  each p+ type i s  nea r l y  t h e  same and est imated t o  be about 4x1014 cm-3 f o r  
these samples. 
CONCLUDING REMARKS 
We have observed s i g n i f i c a n t  d i f f e rences  i n  the  de fec t  product ion and anneal- 
i n g  behavior o f  f loa t -zone s i l i c o n ,  comparably doped w i t h  ga l l i um and boron. 
recovery o f  Jsc i n  l i m i t e d  anneal ing s tud ies  o f  ga l l i um-  and boron-doped s i l i c o n  
s o l a r  c e l l s  r e f l e c t s  some o f  these d i f fe rences .  
The 
I n  n+-p-p+ samples, a m i n o r i t y  c a r r i e r  t r a p  loca ted  a t  E, - 0.26eV was observ- 
There may be s u f f i c i e n t  oxygen i n  these samples t o  produce t h e  BI-01 complex 
ed i n  those w i t h  a B p+ back, bu t  no t  observed i n  those w i t h  an A1 pt  back surface. 
The d i f f e rences  i n  processing o f  these c e l l s  does in t roduce oxygen i n t o  t h e  B p+ 
c e l l s .  
suggested i n  re ference 3. We c l e a r l y  observed the  m i n o r i t y  c a r r i e r  t r a p  i n  c r u c i b l e -  
grown s i l i c o n ,  comparably doped w i t h  boron. 
m i n o r i t y  c a r r i e r  t r a p  o r  n o t  i n  n -p-p+ samples, E, + 0.31eV grows in ,  
and A1 p+ show t h e  i n f l uence  o f  t h i s  growth i n  the  reverse anneal. 
Regardless o f  whether we observe t h e  
Both 8 p+ 
Add i t iona l  study i s  needed on diodes fab r i ca ted  from f loat -zone,  boron-doped 
s i l i c o n  which i s  o f  h igh  p u r i t y  and low carbon content.  Diodes should be f a b r i c a t -  
n a c a r e f u l l y  ntroduced i n  processing o r  in t roduced ed such t h a t  oxygen i s  no t  
c o n t r o l  l e d  manner. 
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F i g u r e  1. DLTS spec t ra  of 1-MeV e l e c t r o n - i r r a d i a t e d ,  f l o a t  zone 
s i l i c o n  a t  var ious  g a l l i u m  doping l e v e l s .  
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Figure  2. Isochronal  anneal o f  t h e  carbon- re la ted  peak H3) i n  a l l i u m -  
doped s i l i c o n  i r r a d i a t e d  w i t h  1-MeV e l e c t r o n s  (5x10 15  e-/cm 3 ) .  
151 
I I 1 \A I \I 10 
100 150 200 250 300 350 400 
ANNEALING TEMPERATURE "C 
m- 
340tr 
Figure 3. Isochronal anneal o f  t h e  carbon-related peak (H3) i n  1-MeV 
e lec t ron  i r r a d i  a ted (5x1015 e-/cm2) 20 ohm-cm gal 1 i um-doped 
s i l i c o n  as wel l  as anneal o f  deep l e v e l s  and recovery o f  l i f e t i m e .  
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Figure 4. Isochronal anneal o f  1-MeV e l e c t r o n  i r r a d i a t e d  (5x1015 e/cm2) 
2-ohm-cmY boron-doped s i l i c o n  showing behavior o f  t h ree  peaks (H2, 


















Figure  5. Comparison o f  DLTS spec t ra  o f  e l e c t r o n - i r r a d i a t e d  A1 p+ and 
6 p+ back sur face  samples f rom n+-p-pf c e l l s .  
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Figure  6. Isochronal  anneal o f  s h o r t  c i r c u i t  c u r r e n t  (Jsc) i n  e l e c t r o n -  
i r r a d i a t e d ,  s i l i c o n  s o l a r  c e l l s .  Crucible-grown c e l l  i s  2 ohm-cm. 










I l E 1  , 
16 2 
1 . 6 ~ 1 0  e'/cm (1 MeV) 
(T/T:0.02) 
I I 
I I I I 
100 150 200 250 T ( " C  
Figure 7. Typical  DLTS spect ra o f  boron-doped, B p+ s i l i c o n  c e l l s  a f t e r  
e l e c t r o n  i r r a d i a t i o n  and several  anneal ing steps. The f r a c t i o n a l  
p r e - i r r a d i a t i o n  1 i f e t i m e  i s  given i n  parenthesis.  
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Figure  8. Isochronal  anneal o f  p r i n c i p a l  d e f e c t s  and o f  deeper l e v e l s  
i n  e l e c t r o n - i r r a d i a t e d ,  boron-doped s i l i c o n .  
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